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Abstract. VLT/FORS spectroscopy and 2MASS near-infrared photometry, together with previously known data, have been
used to establish the membership and the properties of a sample of low-mass candidate members of the o~ Orionis cluster with
masses spanning from 1 M, down to about 0.013 M, (i.e., deuterium-burning mass limit). We have observed K-band infrared
excess and remarkably intense Ha emission in various cluster members, which, in addition to the previously detected forbidden
emision lines and the presence of Li1 in absorption at 6708 A, have allowed us to tentatively classify o Orionis members as
classical or weak-line T Tauri stars and substellar analogs. Variability of the Ha line has been investigated and detected in some
objects. Based on the K-band infrared excesses and the intensity of He emission, we estimate that the minimum disk frequency

of the o Orionis low-mass population is in the range 5-12%.
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1. Introduction

This paper is part of a series devoted to the study of the young,
nearby open cluster associated with the o- Orionis multiple star
(09.5 V spectral type). The clustering of B stars around o
Orionis was noticed by Garrison (1967), whereas the cluster
was listed by Lynga (1981, 1987) and re-discovered by Wolk
(1996) and Walter et al. (1997) using ROSAT data and spec-
troscopic and photometric follow-up. This stellar association
is characterized by its moderate closeness (the Hipparcos dis-
tance is d = 352*3%° pc), young age (r = 4.2*Z] Myr by
Oliveira et al. 2002. See Zapatero Osorio et al. 2002a for an-
other estimate) and low interstellar reddening (E(B-V) = 0.05,
Lee 1968; Brown et al. 1994).

So far, we have carried out a census of its population,
both stellar and substellar. Substellar objects can be subclas-
sified as brown dwarfs (BDs) and isolated planetary—-mass
objects (IPMQs). The first type is characterized by the lack

Send offprint requests to: D. Barrado y Navascués,
e-mail: barrado@laeff.esa.es

* These observations were collected at the VLT of the European
Southern Observatories.
** Table 2 is only available in electronic form at
http://www.edpsciences.org

of stable hydrogen burning during any stage of their evolu-
tion, whereas the second group is unable of any nuclear re-
action of energetic significance at all, including the deuterium
burning. For solar metallicity, the borderlines have been com-
puted as ~0.075 My and ~0.013 Mg, respectively (Kumar
1963; D’ Antona & Mazzitelli 1994, 1997; Saumon et al. 1996;
Burrows et al. 1997; Chabrier et al. 2000). The initial searches
of substellar components in the o Orionis cluster were pre-
sented in Béjar et al. (1999) and Zapatero Osorio et al. (1999).
The discovery of IPMOs in this association, by means of pho-
tometric searches and the spectroscopic confirmation of the
cool nature of three of them, was presented in Zapatero Osorio
et al. (2000), whereas their substellar nature was established
via optical and infrared spectroscopy in Martin et al. (2001)
and Barrado y Navascués et al. (2001). In this last paper, we
presented the first detection of Ha emission in IPMQOs. The
substellar Initial Mass Function (IMF) of the cluster was de-
rived by Béjar et al. (2001) and binarity was investigated in
Martin et al. (2001). In Zapatero Osorio et al. (2002a), we
established that the most likely age of the cluster is 3 Myr,
and it is effectively bracketed between 1 and 8 Myr, based on
the evolution of their eponymous star and the lithium photo-
spheric content of its low mass members. Additionally, we de-
tected Ha emission in most of the very low mass stars and BDs,
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Table 1. Photometric and spectroscopic data for o- Orionis cluster brown dwarf candidates.

Name Sp. Type I (R-1) (Ic=J) alpha (J2000.0) delta  pW(Ha)
(hms o //) (A)
) O] ©) (4) Q) (6) ()
S Ori-J053909.9-022814 M5 16.485 0.012 -- 1.930.05 053909.9-022814 <3.3-
S Ori-J053911.4-023333 M5 16.731 0.011 -— 2.060.05 053911.4-023333 4710
S 0ri-J053826.1-024041F M8 16.96 0.04 2.040.06 2.020.07 053826.1-024041 4023
S Ori-J053829.0-024847 M6 17.040 0.010 -- 2.180.05 05 3829.0-02 48 47 --
S Ori-J053948.1-022914 M7 18.9210.009 2.240.09 2520.05 053948.1-022914 6.71.6
S Ori-J053912.8-022453 M6 19.425 0.008 -— 2.690.05 053912.8-022453 5223
S Orill M6 16.4240.008 1.940.06 2120.05 0539443-023301 10515
S Oril3 M5.5 16.4100.018 1.930.06 2.270.05 053813.1-0224 10 8.120
S Oril5 M5.5 16.789 0.014 1.810.07 2310.05 053848.0-022854 15723
S Ori17? M6 16.9450.009 1.880.06 2170.05 0539044-023835 10927
S Ori20* M5.5 17.3210.009 1.680.07 2.420.05 053907.4-02 2908 3.710
S Ori22 M6 17.109 0.008 2.110.07 2470.05 053835.2-022524 6.83.4
S Ori25? M7.5 17.1630.008 2.170.10 2460.05 053908.8-023958 41885
S Ori26* M4.5 17.2640.008 1.830.08 2.300.05 0539 16.6-02 38 27 6.6 3.5
S Ori27® M7 17.08 0.05 2.130.07 222005 053817.3-024024 5121
S Ori29+* M6.5 17.2300.008  1.980.07 2.110.05 053829.5-02 2517 4215
S Ori30 M6 17.4380.008 1.710.08 219005 053913.0-023751 16555
S Ori312 M7 17.4290.008 2.030.05 2.290.05 053820.9-0246 13 2509
S Ori38 M7 17.640 0.008 2.190.09 2460.05 0539151-022152 57479
S Ori39® M6.5 17.922 0.008 2.240.10 2470.05 053832.4-022958 9.937
S Ori42 M7.5 19.01 0.09 247041 233020 0539233-024057 88.6125
S Ori440® M7 19.39 0.06 231015 212006 053807.0-024321 3312
S Ori45’ M8.5 19.7240.009 2.750.017 2950.05 053825.6-024836 26.415.4
S Ori49* M7.5 20.83 0.07 >1.5- 2.220.07 053822.9-02 3755 4237

2 P(rot) = 7.5 + 0.6 hours, ® Undetermined P(rot) (Bailer-Jones et al. 2001).
Spectra types and previous pEW(Ha) from Béjar et al. (1999): * M6 and 5.5 A, 2 M6.5 and 45.0 A, M7 and 6.1 A, * M6 and 28.0 A, ® M6.5

and 5.1 A, 8 M6.5 and <5 A, 7 M8.5 and 60.0 A.
* Probable non-member based on the spectral type classification.

* Probable non-member, Kenyon et al. (2001). Based on a low S/N spectrum.

* Photometric binary.

as well as several forbidden lines ([01]6300 A, [01]6364 A,
[NI116548 A, [N11]6583 A, [S11]6716 A, [S11]6731 A) in about
a third of objects belonging to this sample, indications of ac-
cretion and/or mass ejection. Finally, in Zapatero Osorio et al.
(2002b) and Barrado y Navascués et al. (2002a), we investi-
gated the presence of very strong Ha emission of unknown ori-
gin in two members with masses around the planetary-domain
limit (SOri55 and S Ori 71).

This paper complements our previous works on Ha emis-
sion, focussing on objects with masses around the substellar
limits at about 0.075 M, and those with masses above the deu-
terium border at about 0.013 Mg, In the present paper, we de-
rive the spectral types, study the infrared properties and try to
disentangle the origin of the detected Ha emission line in a
sample of brown dwarfs belonging to the o Orionis cluster,
discussing the possible presence of accretion disks in a fraction
of them.

2. Observations
2.1. Red optical spectroscopy

Spectra were collected at the Very Large Telescope Unit #1 on
the Paranal Observatory of the European Southern Observatory

during 2000, December 23-27. We used the FORS1 spectro-
graph and the multi-slit capability. FORS1 has a 0.2”/pixel
scale in the standard resolution, and yields a field of view of
6.8" x 6.8”. We used the 1501 grism and the order-blocking fil-
ter OG590. With a slit width of 1.4”, the resolution is R ~
250 for the spectral coverage of our data. All of our targets
are o Orionis brown dwarf candidates selected from the sur-
veys of Béjar et al. (1999, 2001), except for a few, which belong
to the survey described in Béjar et al. (2003, in preparation).
We optimized the multi-slit masks to include as many faint, red
candidate members as possible. Individual exposure times were
2400s. In the particular case of S Ori 13, we only collected data
during 1290 s. For SOri 11, 15, 20, 27, 38, and 39, we obtained
a sequence of up to 7 consecutive individual spectra. Table 1
lists magnitudes, optical and infrared colors, as well as the de-
rived spectral types (see Sect. 3.1) and other useful information
of our targets.

The data were reduced using standard procedures within
the IRAF! environment. Additional information on data

L IRAF is distributed by National Optical Astronomy
Observatories, which is operated by the Association of Universities
for Research in Astronomy, Inc., under contract to the National
Science Foundation, USA.
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Fig. 1. VLT/FORS spectra of brown dwarf candidate members of the o Orionis cluster (ordered by decreasing spectral type). Note the logarith-

mic scale in the flux-axis.

reduction can be found in Barrado y Navascués et al. (2001),
where we presented the VLT spectra of many o Orionis
planetary-mass objects. Whenever several exposures were
available, the images were added together before the spec-
trum extraction, producing an average two dimensional spec-
trum image. Then, in both the average and individual frames,
the spectra were extracted using the “apall” algorithm within
IRAF. We removed the sky emission lines and background con-
tributions by fitting the sky during the extraction procedure.
The wavelength calibration was performed using He ArHg Cd
comparison arcs taken with the same instrumental configura-
tion. Then, data were flux calibrated using several spectropho-
tometric standard stars. The final signal-to-noise ratios (S/N),
as measured in the 7300-7600 A region, are in the range 150—
20, corresponding to the brightest objects (I 16.4-17.5)

or targets with multiple exposures and to the faintest objects
{ 19.01-20.83) with only one exposure (SOri42, 45,
and 49). Figure 1 displays the spectra of our o Orionis brown
dwarf candidate members. In addition to the o Orionis targets
and for comparison purposes, we also observed several nearby
field objects of M and L spectral types drawn from the lists of
Kirkpatrick et al. (1999) and Martin et al. (1999).

2.2. Near-infrared photometry

We also searched the 2MASS point source catalog (Skrutskie
et al. 1997), second incremental release, to identify the near-
infrared counterparts of o Orionis low-mass stars and brown
dwarfs from our lists of optical sources. We used a search-
ing radius of 5”. The results are listed in Table 2. The offsets
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between the optical and infrared coordinates are given in
Col. #7, and the coordinates according to the 2MASS cata-
logue, more accurate than previously published positions, are
provided in Col. #8. The 2MASS coordinates are generally
within the error bars of the “optical” astrometry. Figure 2
illustrates the optical-near-infrared color-magnitude diagram.
2MASS data are represented with circles (solid circles for ob-
jects with VLT spectroscopy presented in this paper); other data
taken from Béjar et al. (2001) and Martin et al. (2001) are plot-
ted with the plus and cross symbols, respectively. Error bars
(only —AK and +A(J — K) are depicted) are displayed. Three
isochrones, corresponding to an age of 3 Myr, and representing
non-dusty, dusty and condensed models from the Lyon group
(Baraffe et al. 1998; Chabrier et al. 2000) are also displayed in
the figure. We remark the peculiar behaviour of the o Orionis
photometric sequence at around K = 18 mag, where the J — K
color turns to blue values. This effect is supposed to be ex-
plained by the settlement of atmospheric dust particles at the
bottom of the object’s photosphere (see Martin et al. 2001, and
references therein).

One object, namely SOri47, has JHK data coming from
United Kingdom infrared telescope (UKIRT). These data were
taken under photometric conditions in February 2000.

We have used the following values of cluster distance and
interstellar reddening to produce various figures of this paper:
d = 352*32° pc, E(B-V) = 0.05 (Lee 1968; Brown et al. 1994),
E(R- 1), = 0.035, E(lc — J) = 0.049, E(I. — K) = 0.076,
E(J - K) = 0.027, Ay = 0.156, A, = 0.093, A; = 0.044,
and Ax = 0.017. Many of these values have been derived from
the interstellar extinction law and transformation equations be-
tween filters and photometric systems published by Rieke &
Lebofsky (1985) and Taylor (1986).

3. Analysis and discussion
3.1. Spectral types

In Fig. 1 we have included the identification of the major
atomic and molecular spectroscopic features characteristic of
late-M and L spectral classes, like K1 17665 and 17699 A,
Nar 18183 and 18195 A, Rb1 17800 and 17948 A, Cs1 18521
and 19843 A, and absorption bands of TiO, FeH, CrH, VO
and H,O. The differences in the slope of the pseudo-continuum
and the change in the strength and width of the VO and
TiO bands can be appreciated in the VLT spectra of Fig. 1.
Kirkpatrick et al. (1999) and Martin et al. (1999) provide a
complete summary of the properties of very cool optical spec-
tra of field objects. We can classify our o Orionis candidates
based on their spectroscopic criteria. Flux ratios and spectral
indices that account for the pseudo-continuum slope have been
measured over the observed VLT data, and we have compared
these measurements to those of well-known spectroscopic stan-
dard stars to derive spectral types. Our final classification, given
in Table 1, ranges from M5 down to M8.5. The uncertainty is
estimated at half a subclass. Seven out of the total of 25 VLT
objects have also been observed to a higher spectroscopic res-
olution by Béjar et al. (1999). Their typing, which fully agrees
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Fig.2. Infrared photometry for low-mass stars, brown dwarfs and
planetary-mass objects of the o~ Orionis cluster. Circles correspond to
2MASS data (solid symbols represent data with VLT spectroscopy).
Data from Béjar et al. (2001) and Martin et al. (2001) are plotted
with crosses and plus symbols, respectively. Models by Chabrier et al.
(2000) and Baraffe et al. (1998, 2002) are included in the figure with
a thick solid line (dust-free), dotted line (dusty) and long-dashed line
(condensed).

with our classification considering error bars, is included in
Table 1.

3.2. Photometric and spectroscopic membership

Given the very low resolution of our spectra, we cannot ob-
tain accurate radial velocities or see the atomic absorption fea-
tures due to lithium at 6708 A and sodium at 8195 A, which are
age-indicators. As discussed in Zapatero Osorio et al. (2002a),
all stars and brown dwarfs of the o Orionis cluster preserve
lithium in their atmospheres. Instead, we have combined spec-
tral types and optical and near-infrared photometry to study the
cluster membership of our candidates. The Ha emission line,
which is also a sign—post of youth, is discussed in Sect. 3.4.

Figure 3 displays I magnitudes against spectral types for
the o Orionis cluster, and Figs. 4a and b illustrate the rela-
tion between the (R - 1). and (I — J) colors and the spec-
tral classification, respectively. Data from Béjar et al. (1999,
2001), Barrado y Navascués et al. (2001), Martin et al. (2001)
and Zapatero Osorio et al. (2002a) are plotted with open cir-
cles, whereas the new data of this paper are shown as filled
circles. Overplotted is the 3 Myr-isochrone from Baraffe et al.
(1998), which provides magnitudes and colors in the filters of
interest. This evolutionary isochrone has been converted into
spectral type by using the temperature scales of Bessell (1991),
Basri et al. (2000), and Luhman (1999). Based on the model,
the mass range of the VLT objects spans from the substellar
frontier (0.075 M) down to roughly the planet-brown dwarf
boundary (0.013 My,).



D. Barrado y Navascués et al.: The o Orionis substellar population: Ha and IR photometry

10 T T

1.000 Msun|

0.500 Msun
0.350 Msun]

0.150 Msun|

ée S0ri J053826.1 0-100 Msun]
g 024041 4 550 Msunf

Ie

0.030 Msun|

S0ri J053912.8 o
—022453

SOri49 o

20 - 0.020 Msurmy

L |
K6 K8 MO M2 M4 M6

P L L L L
M8 LO L2 L4 L6 L8 TO

Sp.Type

Fig.3. I magnitude against spectral type for the o Orionis cluster.
Solid circles represent data from this study, whereas open circles cor-
respond to data from Barrado y Navascués et al. (2001), Martin et al.
(2001), Béjar et al. (2001) and Zapatero Osorio et al. (2002a). The
location of the substellar borderline at the cluster age and distance is
at around I, = 16 mag. The lines represent several 3 Myr-isochrones
from Barafte et al. (1998), which were obtained for different temper-
ature scales (high gravity by Basri et al. 2000 — solid line; different
gravities by Luhman 1999 - dotted lines, and Bessell 1991 — dashed
line). Masses are also indicated with the labels in the right hand-side
of the diagram.

These diagrams show a clear continuous sequence of
o Orionis stellar and substellar objects between spectral
types K6 and TO. Actually, the cluster spectroscopic sequence
extends into the T-class with the finding of SOri70, which
has been tentatively classified as T6 (Zapatero Osorio et al.
2002c). This object is not included in Figs. 3 and 4b for clar-
ity. Several objects stand out of the cluster sequence, either be-
cause they are too faint or too bright for their spectral type,
or because their colors do not match the measured spectral
type. The objects that are below the sequence are SOri49,
SOri26 and SOriJ053912.8-022453. A possible interpreta-
tion for their location in Fig. 3 is that they are spurious mem-
bers of o Orionis, cool objects in the neighborhood of the
cluster. However, we cannot totally rule out their membership
in o Orionis because these objects may exhibit strong difter-
ential reddening, or optical veiling due to accretion from disks
(like PC 0025+0447, Martin et al. 1999). This is most likely the
case of S OriJ053912.8-022453, since it has significant near-
infrared excesses (about Ay ~ 3mag, corresponding to A, ~
1.8, see Fig. 5). Its de-reddened location in Fig. 3 agrees with
S 0riJ053912.8-022453 being a true member of the o- Orionis
cluster. On the other hand, SOri49 and SOri26 lack strong
Ha emission, a feature that is characteristic of young, cool ob-
jects (Sect. 3.4). This may indicate that they are non-members
of the cluster. This result agrees with Béjar et al. (2001), who
discarded S Ori 49’s cluster membership based on the object’s
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Fig. 4. Spectral type against (R— 1), color (upper panel) and (I, — J)
color (bottom panel). Solid circles represent data from this paper,
whereas open circles correspond to data from Béjar et al. (2001),
Martin et al. (2001), Barrado y Navascués et al. (2001) and Zapatero
Osorio et al. (2002a). The lines represent several 3 Myr isochrones
from Baraffe et al. (1998), which were obtained for different temper-
ature scales (Basri et al. 2000 — solid line, and Bessell 1991 — dashed
line, in the upper panel; Basri et al. 2000 — solid lines, and Luhman
1999 — dotted lines in the bottom panel).

near-infrared photometry. Thus, only 2 objects are found to be
contaminants among the 25 sources of our sample, i.e., a pol-
lution rate less than 10%.

SOriJ053826.1-024041 (M8) and SOri71 (LO) appear
quite bright for their spectral types in Fig. 3, which may sug-
gest, apart from the fact that they might be younger than the
cluster, that they are binary cluster members (with equal mass
components). This situation is similar to that of SOri 47 (L1,
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Fig. 5. Optical-Infrared color-color diagrams based on 2MASS data for the o Orionis population (open circles). Solid circles represent objects
with forbidden emision lines. Open triangles correspond to isolate planetary mass objects. Crosses indicate the position of classical T Tauri
stars belonging to Orion stellar population (Herbig & Bell 1988). The position of S Ori 12 is indicated with a large plus symbol. The thick-solid
and dashed lines correspond to the locii of the main sequence stars (from Bessell & Brett 1988; Kirkpatrick et al. 2000; Leggett et al. 2001)

and CTT stars (Meyer et al. 1997 and this paper), respectively.

Zapatero Osorio et al. 1999), a o Orionis member close to
the borderline between brown dwarfs and planetary-mass ob-
jects (Barrado y Navascués et al. 2001). The estimated mass
of SOri 71 is also close to the planetary boundary. If the dou-
ble nature of S Ori 71 and S Ori 47 is finally proved, they would
become the first planetary-mass binary systems. S Ori 71 shows
an incredibly intense Ha emission. A comprenhensive analy-
sis of this object can be found in Barrado y Navascués et al.
(2002a).

3.3. K-band infrared excesses

So far, there is no agreed theoretical mechanism that
can satisfactorily explain the formation of brown dwarfs
and planetary-mass objects in isolation. See Bodenheimer
(1998), Pickett et al. (2000), Boss (2001), Reipurth (2002),

Bate (2002), and references therein. The study of infrared ex-
cesses, which could be ascribed to the presence of cool “cir-
cumstellar” disks, can shed new light on this topic. Figures 5a—
c depict the optical and near-infrared color-color diagram of
o Orionis very low-mass stars and brown dwarfs. We note that
planetary-mass cluster objects are not included in this dis-
cussion because they lack H-band photometry (they are too
faint to be detected by 2MASS). Stars and brown dwarfs of o
Orionis are displayed as circles (solid circles from those show-
ing forbidden emision lines, Zapatero Osorio et al. 2002a),
whereas isolated planetary mass objects appear as open tri-
angles (in this last case, only in panel a). For few objects
with large errors in the 2MASS photometry, we have dis-
played them using 1JK values from Béjar et al. (2001) and H
from 2MASS. They are marked in the figures with the labels
“2M” and “B2001”. As comparison, classical T Tauri stars
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from Orion (Herbig & Bell 1998) are displayed as crosses
in panel a and b. The main sequence loci (Bessell & Brett
1988; Kirkpatrick et al. 2000; Leggett et al. 2001) and the
averaged T Tauri loci (this paper and Meyer et al. 1997) are
delineated by solid and dashed lines, respectively. Similar IR
color-color diagrams have been obtained by Tej et al. (2002)
and Oliveira et al. (2002). These authors conclude that no sig-
nificant near-infrared excess is evident from the (J — H) ver-
sus (H — K) diagram, and that only a fraction of about 6% of
the o- Orionis members may be affected by an excess in the K-
band. From Fig. 5, and taking into account the spectral types,
we infer that at least four objects out of a total of 74 with
| JHK photometry, do show an excess at 2.2 um (namely 4771-
41, r053840-0230, SOriJ054001.8 and SOri47). Another
three might have K excess too, but their 2MASS pho-
tometry has quite large uncertainties or their location in
some of these diagrams is close to the main sequence loci
(i.e., SOriJ053912.8-022453, SOriJ053948.1-022914 and
SO0ri42). Thus, based solely on K-band data and assuming
that the flux excess is due to the presence of disks surround-
ing the central object, we derive that the disk frequency among
the o~ Orionis low-mass population is in the range 5-9%. Note
that one object, r053831-0235, has colors (very red) and a spec-
tral type (MO0) which indicate that it is strongly reddened. Since
it is a probable member of the cluster (it has lithium), this could
be due to a small local cloud of dust around the star (in fact, it
might have a disk too). If reddened objects are included in the
computation, o~ Orionis cluster disk frecuency, based on optical
and near-IR photometry, increases up to 12%.

However, we remark that disk frequency as measured by K-
band excess can be underestimated. Jayawardhana et al. (2002)
obtained L’ photometry of six very low-mass cluster stars and
brown dwarfs and found one object, SOri12, with signifi-
cant L excess (i.e., 16%). S Ori 12 has a mass estimated at the
substellar limit. It does not display a flux excess in the K-band
data (as shown in Fig. 5 as a large cross), which suggests that its
surrounding disk is neither massive nor warm. It is very likely
that a higher fraction of low-mass stars and brown dwarfs of
the cluster possesses rather cool “circumstellar” material with
signatures that cannot be detected at near-infrared wavelengths.
Moreover, Fernandez & Comeron (2001), by collecting optical
and infrared spectra and photometry of LS-RCrA 1, a star close
to the substellar boundary, have shown that an object with very
strong emission lines (permitted and forbidden alike) does not
have necessarily near infrared excesses at 2.2 microns. On the
other hand, disks appear to be common in very young brown
dwarfs since many authors have reported evidences on their ex-
istence in various star-forming regions (this paper, Muzerolle
et al. 2000; Muench et al. 2001; Natta & Testi 2001; Martin
et al. 2001; Natta et al. 2002; Jayawardhana et al. 2002; Apai
etal. 2002; Testi et al. 2002). In addition, disk frequency among
brown dwarfs resembles that of very low-mass stars (Lada et al.
2002). This may indicate that brown dwarfs and low-mass stars
share a common origin. However, the precise physical mech-
anism or mechanisms that give birth to free-floating brown
dwarfs and planetary-mass objects remain unknown, although
it seems that processes leading to the formation of disks around
the central nascent object are more likely.
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3.4. Ha 6563 A and its origin

The equivalent width of the Ha line at 16563 A is considered
as an age indicator in M-dwarfs, and it is usually associated to
stellar activity. In general, the stronger the emission line for a
given spectral type, the younger the object. Intense and vari-
able emission characterizes flare stars too (UV Cet type, see
Gershberg et al. 1999). Strong Ha emission also appears in
episodes of accretion from a close companion in interacting
binaries or from a circumstellar disk, as happens in the T Tauri
stars and other young stars. In this case, the emission is pro-
duced as the accreted material is channeled by magnetic field
from the disrupted disk onto the central object (Camenzind
1990), at nearly free-falling velocities.

We have identified Ha in emission in all of the objects listed
in Table 1, except in one case (S OriJ053909.9-022814) and
have measured the pseudo-equivalent width (pW,), since the
spectral range around the Ha contains a large number of in-
tense molecular absorption lines. This was carried out using
the “splot” task and direct integration within the IRAF envi-
ronment. The results are listed in column #7 of Table 1. These
values correspond to the average emission when several spectra
are available. Individual measurements, exposure times and the
modified Julian Date (MJD) are listed in Table 3. The spectral
range around this feature is shown in Fig. 6, where we have in-
cluded all the average spectra. Note the very intense emission
in the case of SOri 42, close to 90 A, and S Ori 38, with 57 A,
and S Ori 25, with about 42 A.

Figure 7 illustrates the behavior of the Ha feature — equiva-
lent widths — as a function of the spectral type. Solid circles rep-
resent the o~ Orionis candidate members analyzed in this paper,
whereas open circles correspond to members from our previous
works in the cluster (Béjar et al. 1999; Barrado y Navascués
et al. 2001; Zapatero Osorio et al. 2002a). Plus symbols and
crosses represent the location of pre-main sequence (classical
T Tauri stars, CTT) and weak-line T Tauri stars (WTT) stars
from the Orion population, respectively (Herbig & Bell 1988
and Alcala et al. 1996). The solid line delimits the areas corre-
sponding to weak-line and classical T Tauri stars. For a com-
prenhensive discussion of how this criterium was defined, see
Barrado y Navascués et al. (2003). Finally, the dotted vertical
segments separate the stellar, brown dwarf and planetary-mass
domains.

CTT stars are characterized by their emission-line spec-
trum and non-photospheric continuum excesses, especially in
the blue/UV and infrared. Some forbidden emission lines are
also present in some cases (see Appenzeller & Mundt 1989
and Bertout 1989 for reviews). On the contrary, WTT stars
have spectra typical of main sequence stars, except because
the moderate He: emission and the strong Lil6708 A doublet
in absorption, clear indications of youth. An easy, although
not accurate, way of distinguishing whether a star belongs to
one or the other category is the Ha equivalent width: larger
than 5-20 A correspond to CTT stars, and smaller to WTT.
The actual criterion depends on different authors and the spec-
tral types of the objects. We have chosen a more elaborate
criterion, based on data collected in several star forming re-
gions such as Orion, Taurus, Sco-Cen and Chamaeleon (see
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Fig. 6. Details around the Ha line. When several spectra were available, we computed the average, which is the one shown in the figure.

Barrado y Navascués et al. 2003, which discusses an updated
version of the quantitative criteria defined in Martin 1997).
From the physical point of view, the CTT star features are due
to the presence of an accretion disk, which induce, directly or
indirectly, the formation of the intense Ha emissions and other
emission lines (such as other lines from the Balmer series as
well as forbidden lines) and the continuum excesses. The Ha
emission is probably produced by the material which is be-
ing accreted, whereas the hot continuum comes from the ar-
eas where this material hits the central object. The IR excesses
correspond to reprocessed energy by the disk (see Sect. 3.3).
In some cases there are hot disks which emit large amount of
energy at ~2 um and a significant fraction of the total luminos-
ity comes from the disk. Emission forbidden lines correspond
to jets/outflows. Some blue-shifted absorption components of
permitted lines are generated by strong winds coming from the
inner part of the disk, whereas red-shifted absoptions are direct
evidence of infall. In the case of the WTT stars, the disk and
all the phenomenology associated to it have disappeared, and
the Ha emission is interpreted as enhanced solar-like chromo-
spheric activity induced by rapid rotation. This diagram seems
to indicate that there are a population of CTT stars in o~ Orionis.
In fact, the extrapolation of the WTT/CTT dividing line into the
brown dwarf domain suggests that there are substellar counter-
parts to the CTT stars, or classical T Tauri substellar analogs
(CTTSA). Note that, due to its youth, all late spectral type
members of the o~ Orionis cluster should have lithium. Some
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Fig.7. Ha pseudo-equivalent width versus spectral type. Detections
and upper limits in the o Orionis cluster appear as circles and tri-
angles, respectively. Solid circles correspond to the data of this pa-
per. Open symbols represent data from Béjar et al. (1999), Barrado
y Navascués et al. (2001) and Zapatero Osorio et al. (2002a). Crosses
correspond to data of pre-main sequence stars of Orion (Herbig & Bell
1988). The solid line separates CTT from WTT stars.
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” 00415630248 46185 2400 line separates CTT from WTT stars, whereas the long dashed line cor-
” 904.19053588  49.06.4 2400 respond to the upper envelope to atmospheric activity (see text).
S 0ri39 905.13713833 8532 2400
” 90517120378 8629 2400 whereas large open circles discriminate those members which
. posnosios S have IR excesses in the K band. The solid line is the divid-
» 905.25940527 11539 2400 Ing line between WTT and CTT stars, whereas the IOng'daShEd
i 905.28869611 6033 2400 line represents the maximum Hea equivalent width due to chro-
905.31784490 9850 2400 ; P ; ;
S Oria2 00405650249 883125 2400 mospheric activity (derived using data _from young clusters
S Orid4 903.23775122 3312 4800 such as 1C2391, Alpha Per and the Pleiades. See Barrado y
S Orid5 903.23775122  26.4154 4800 Navascués et al. 2003 for details). This last curve indicates that
S Ori49 906.11072522 4237 4800 i ;
o OriJ053826.1.024041 903 05138618 3312 2400 most of th_e o Orionis ste_llar and substell_ar ppp_ulatlon have
" 006.03996572 6122 2400 pW,(Ha) in agreement with chromospheric origin. However,
" 906.07400201 3721 2400 some of them show a large emission, which might have dif-
. Zggﬁ%izég zg 33 ;jgg ferent source. We emphasize that only the medium resolu-
" 006.17892987 1307 2400 tion spectra of low mass stars and BDs, discussed in Zapatero
S Ori-J053909.9-022814  903.10135488 <0.0- 2400 Osorio et al. (2002a), are good enough to detect the forbidden
. posaogyis S lines, and that these lines are not always present in CTT stars.
S Ori-J053911.4-023333  903.10135488 5312 2400 The diagram shows a trend between the detection of these lines,
” 90314482793 4908 2400 the presence of IR excesses and strong Ha emission measured
903.17441719 5415 2400 ; ; P
S OriJ053912.8.022453 904 12660251 507 2400 at this spectral resolution. These three phenomena indicate thaj[,
" 904.15630248 1609 2400 at least, there are a handful of CTT stars and substellar classi-
n 90419053588 2813 2400 cal T Tauri analogs in the o~ Orionis cluster. Moreover, as stated
O s aave before, the VLT spectroscopic data have a low resolution which
004.29136284 9141 2400 cannot allow the detection of emission lines with few A, typical
i 904.32053636 6543 2400 of forbidden lines which sometimes appear in the spectrum of

measurements have been obtained by Zapatero Osorio et al.
(2002a).

Figure 8 is similar to Fig. 7. In this case, we only plot o
Orionis data (crosses and open triangles for upper limits).
Overlapping solid circles indicate those objects from Zapatero
Osorio et al. (2002a) which have forbidden emission lines,

CTT stars. However, in the literature, the detection of lithium
and the Ha emission have been extensively used as criteria to
catalog young stars as either CTT or WTT stars. Therefore, we
can assume that some substellar objects can be tentatively clas-
sified as classical T Tauri analogs.

Table 4 summarized all the available information known
so far for low mass stars and BDs of the o Orionis cluster.
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Table 4. Spectral properties and classification of low mass stars and BDs of o~ Orionis. We only list those members which have been observed
spectroscopically.

Name MK K band Ha* Forbidden Lithium  Type
excess lines
r053820-0234 M4 N/A above N Y CTT-
S Ori25 M7.5 N above N/A N/A CTT-
S Ori38 M7 N above N/A N/A CTT-
S Ori40 M7 N above N/A N/A CTT-
S Ori66 L3.5 N above N/A N/A CTT-
S Ori71* LO N/A above N/A N/A CTT-
S OriJ053951.6-022248  M5.5 N above N Y CTT-
S OriJ054005.1-023052 M5 N above N Y CTT-
S Ori12f M6 Y below N/A N/A CTT?
S Ori47 (UKIRT) L15 Y N/A N/A N/A CTT?
S Orid2 M7.5 Y? above N/A N/A CTT??
S OriJ053912.8-022453 M6 Y? N/A N/A N/A CTT??
S 0riJ053948.1-022914 M7 Y? N/A N/A N/A CTT??
4771-41 K7 Y above Y Y CTT+
r053833-0236 M3.5 N/A below Y Y CTT+
r053840-0230 MO0 Y below Y Y CTT+
r053849-0238 MO0.5 N below Y Y CTT+
S Ori45 M8.5 N above Y Y CTT+
S OriJ053827.4-023504  M3.5 N above Y Y CTT+
S 0OriJ053949.3-022346 M4 N above Y Y CTT+
S OriJ054001.8-022133 M4 Y above Y Y CTT+
S Ori26 M4.5 N/A below N/A N/A NM?
S Ori49 M7.5 N/A below N/A N/A NM?
4771-1038 K8 N below N Y WTT
4771-1051 K7.5 N/A below N Y WTT
4771-1075 K7 N below N Y WTT
4771-1097 K6 N/A below N Y WTT
4771-899 K7 N below N Y WTT
r053831-0235* MO Y below N Y WTT
r053838-0236 K8 N below N Y WTT
r053907-0228 M3 N below N Y WTT
r053923-0233 M2 N below N Y WTT
S Ori27 M7 N below N Y WTT
S OriJ053715.1-024202 M4 N below N Y WTT
S OriJ053820.1-023802 M4 N below N Y WTT
S OriJ053847.5-022711 M5 N below N Y WTT
S 0OriJ053914.5-022834  M3.5 N below N Y WTT
S 0OriJ053920.5-022737 M2 N below N Y WTT
S OriJ053958.1-022619 M3 N below N Y WTT
S Orill M6 N below N/A N/A WTT?
S Oril3 M5.5 N below N/A N/A WTT?
S Oril5 M5.5 N below N/A N/A WTT?
S Oril7 M6 N below N/A N/A WTT?
S Ori20 M5.5 N below N/A N/A WTT?
S Ori22 M6 N/A below N/A N/A WTT?
S Ori29 M6.5 N below N/A N/A WTT?
S Ori30 M6 N below N/A N/A WTT?
S Ori3l M7 N below N/A N/A WTT?
S Ori39 M6.5 N below N/A N/A WTT?
S Orid4 M7 N/A below N/A N/A WTT?
S OriJ053826.1-024041 M8 N below N/A N/A WTT?
S OriJ053829.0-024847 M6 N below N/A N/A WTT?
S OriJ053909.9-022814 M5 N below N/A N/A WTT?
S 0OriJ053911.4-023333 M5 N below N/A N/A WTT?

* W(Ha) above or below the criteria defined in the text (see Barrado y Navascués et al. 2003).
** Large reddening.

T (K = L’) excess from Jayawardhana et al. (2002).

¥ Asymmetry in He, Barrado y Navascugs et al. (2002a).

CTT+ = Probable Classical T Tauri star or analog, based on forbidden emission lines.
CTT- = Possible Classical T Tauri star or analog, based on Ha.

CTT? = Possible Classical T Tauri star or analog, based on the IR excesses.

CTT?? = Possible Classical T Tauri star or analog? based on possible IR excesses.
WTT = Weak-line TTauri star or analog based, on lithium and Ha.

WTT? = Possible Weak-line T Tauri star or analog, based on Ha.

NM? = Non-member?.

N/A = Data no available.



Column #3 indicates whether the object has IR excess (based
on optical and JHK 2MASS data). Column #4 states whether
the pW,(He) is above or below the dividing lines between CTT
and WTT stars and the upper limit of chromospheric activ-
ity (see Fig. 8). Column #5 contains information regarding the
presence of forbidden lines, whereas Col. #6 lists the detec-
tion of Lil6708 A, when available. Finally, our classification as
classical or weak-line T Tauri stellar (or substellar analog) is
shown in Col. #7. This classification was carried out in a hier-
archical order and attending to the following scheme:

i) Those members with forbidden lines have been catalogued
as probable CTT, and flagged in the table with “CTT+".

ii) Four objects present probable K excess (“CTT?” flag).

iii) Three BDs have possible IR excesses, although the 2MASS
errors are large or their location is close to the main sequence
loci in some color-color diagram (“CTT??” flag).
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iv) Those objects with intense Ha emission are possible clas-
sical T Tauri stars or substellar analogs (“CTT-" flag). In some
cases, lithium has been detected. In others, its presence is as-
sumed due to the confirmed membership and the age of the
cluster (1-8 Myr, Zapatero Osorio et al. 2002a).

v) Whenever lithium has been detected and the object dis-
plays a moderate Ha emission (below the criteria defined pre-
viously), we have catalogued it as weak-line T Tauri star or
substellar analog (“WTT” label).

vi) Finally, o~ Orionis members with moderate Ha emission and
unknown lithium (due to the low resolution spectroscopy) ap-
pear as possible weak-line T Tauri stars or analogs. Note that
the lack or an uncertain of detection of IR excess (or forbidden
lines) does not mean that they are not present, since additional
IR photometry in the 1-5 um range and/or optical spectroscopy
(better at higher resolution) with improved signal-to-noise ra-
tion might provide positive detections in some cases. An exam-
ple is represented by S Ori47. The 2MASS data indicate that
this BD close to the planetary domain and discussed deeply in
Zapatero Osorio et al. (1999) and Barrado y Navascués et al.
(2001), might have an infrared excess. In this case, 2MASS er-
rors are quite large. Our UKIRT data corresponding to S Ori 47,
more accurate than the 2MASS values, indicate that the disk is
likely present.

Oliveira et al. (2002), by studying optical and infrared
data of o~ Orionis candidates, were not able to detect infrared
excesses, which also characterized the presence of gas-dusty
disks around stellar and substellar objects. However, they do
not provide a list with the results or the names of the ob-
jects, and we were not able to cross-correlate their results with
our BDs. On the contrary, Muench et al. (2001) have been
able to detect some evidences for circumstellar disks around
BDs, down to 0.02 solar masses, in the Trapezium cluster
(~1 Myr), by measuring infrared excesses in about 65% of
the sample. Therefore, until further evidence is collected (via
higher signal-to—noise, higher resolution spectra), these data
seem to indicate that the Ha weak emission comes from the
photosphere of the objects, and could be analogous to activity
present in late spectral type stars due to the chromosphere, ex-
cept in a handful of the o- Orionis BDs, which show large equiv-
alent widths, where the origin might be related to accretion.

Spectral Type

Fig.9. Ratio between the Ha and bolometric luminosities against
spectral type. Data for the Orion pre-main sequence population are
shown with crosses, whereas circles and triangles (upper limits) rep-
resent o Orionis members. The solid and long-dashed lines indicate
the average locus of field stars (after Hawley et al. 1996 and Gizis
et al. 2000) and o Orionis objects, respectively.

Figures 7 and 8 clearly show that the Ha emission tends to
be larger for cooler objects. In the case of the PMS Orion popu-
lation from the catalog by Herbig & Bell (1988), there is a large
increase in the strength at about KO spectral type. In the case
of o Orionis cluster members, the change in the behavior ap-
pears at about M3.5 spectral type (except in one case, 4771-41,
a K7 star with large infrared excesses and characterized by for-
bidden lines, Zapatero Osorio et al. 2002a), when they are fully
convective. Note, however, that part of this increase might be
due to the strengthening of TiO bands which deplete the con-
tinuum, and, therefore, enhance the Ha equivalent width. This
increase might not be due to the flux drop in the continuum in
cooler objects. In any case, a large range of values is present
for a given spectral type in both groups.

We detect intense emission lines even for very low
mass objects, such as in the case of SOri55, which has a
mass ~12 Mjyiter and variable Ha emission, with pW,(Ha)
between 185 and 410 A (Zapatero Osorio et al. 2002b), and
5 A (Barrado y Navascués et al. 2001). Another object with a
mass close to 20 Miypiter, S Ori 71, has the second largest emis-
sion ever detected, as far as we know, in a star or BD, with
pW,(Ha) = 705 A (Barrado y Navascués et al. 2002a; Luhman
et al. 2003). This spectral feature seems to be asymmetric and
very broad. The source of these emissions is not clear.

One of the aims of the present paper is to try to establish
the origin of the Ha emission seen in most of the - Orionis
low mass members (stars, BDs and IPMOs). In this context,
it is important to know how important is for the object the
amount of energy release throughout the line. We have com-
puted the ratio between the Ha luminosity (Ly,) to the bolo-
metric luminosity (Lpo). The Ly, and Lyo values were com-
puted following Herbst & Miller (1989) and Hodgkin et al.
(1995). See Zapatero Osorio et al. (2002a) for details. Figure 9
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Fig. 10. Individual VLT spectra showing in detail the area around the He line.

displays the ratio between Ly, to Ly, Versus the derived spec-
tral type. Members of the o~ Orionis cluster are shown as open
and solid circles, as in Figs. 3 and 4. The average locus for
field stars and BDs is plotted as a solid line, whereas the av-
erage ratio for o Orionis members is displayed as a long-
dashed line. Clearly, most the of - Orionis members have ra-
tios higher or much higher than field objects. In fact, most of
the isolated planetary-mass objects and about half of the BDs
of the o Orionis cluster have ratios about one order of magni-
tude larger than their field objects counterparts. Note, however,
that field objects are much older and have larger masses. For
example, M5 and LO from the field have masses of 0.090 M
and 0.040 M, for an age of 100 Myr, 0.110 Mg, and 0.075 Mg,
for an age of 1 Gyr, whereas the same spectral types would
have 0.070 Mg and 0.014 M, for 3 Myr, the most likely age
for o Orionis cluster (Zapatero Osorio et al. 2002a). In any

case, some of the cluster members have ratios close to the satu-
ration limit which appear in active late spectral type stars (see,
for instance, Stauffer et al. 1997).

3.5. Ha variability

In addition to the large range of Ha emission for a given spec-
tral type, we have detected variability (the most conspicuous
cases being S OriJ053826.1-024041 and S Ori 39). This vari-
ability agrees with the WTT star classification for these objects,
since it means that its origin would be coronal/chromospheric
and, therefore, intrinsically variable. Note, however, that CTT
stars have Ha variability too, but in a larger time span or with
sudden, un-modulated changes. Figure 10 shows the sequences
of spectra around this feature for several objects belonging
to our target list. Although uncertainties are large for most
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Fig. 11. Pseudo Ha equivalent with versus the Julian Date (minus 2 451 900) for several objects which have four or more independent spectra.

cases, in several objects clear differences are present, as seen
in the different intensities. If our interpretation of the Ha phe-
nomenology is correct (see previous subsection), its variability
might be due to the rotation of the objects, which is the ulti-
mate origin of the chromospheric activity via the dynamo effect
(Parker 1955). Bailer-Jones & Mundt (2001), using photomet-
ric variability in the I filter, have measured some periodici-
ties in several o Orionis members (SOri31 and S Ori 33) and
failed to find them in others (S Ori 34, 44 and 46). This periods
(7.5, 8.6 hours, respectively) might correspond to the rotation
of the objects. Two of them are in our survey. Unfortunately,
they were only observed once. In any case, it is likely that
the expected rotational periods should be in the range of few
hours, whereas our exposure times were 40 min. Therefore,
we should have covered a significant fraction of the phase, al-
though the rotational periods are unknown. None but one of the
BDs with large Ha emission line (SOri 38, tentatively classified
as “CTT-"in Table 4) have more than one spectrum and their

variability was not investigated for this reason. Figure 11 shows
the Ha pseudo-equivalent widths versus the Julian Date for all
objects which have at least 4 different measurements. Our time
series cover about 3—4 hours, half of the rotational periods mea-
sured in young BDs belonging to the Pleiades and o Orionis
clusters. Some modulation might be present, specially in the
case of S Ori 15 and S Ori 39. A photometric campaign will un-
veil whether, indeed, they have strong photometric variability
and whether their rotational periods are in the range 2-4 hours,
as the diagrams suggest.

4. Conclusions

We have collected low resolution spectroscopy of a sample
of low mass stars and brown dwarfs candidate members of
the o Orionis cluster and derived spectral types by compar-
ing with field objects. Infrared data from the 2MASS catalog
was gathered for this sample and other o Orionis candidate
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members. Most of them are bona fide members of the cluster,
based on the spectral type, the Ha emission and the optical and
infrared photometry. The analysis of the infrared photometry
indicates that a small fraction (5-12%) have K band excesses,
a sign-post of dust disks. Moreover, by analyzing several prop-
erties (IR excess, intense Ha emission, detection of forbidden
lines and lithium at 6708 A), we have been able to classify a
large number of the known low mass candidate members of the
cluster either as classical or weak-line T Tauri stars. Since few
of them are, indeed, of substellar nature, a more proper name
would be CTT or WTT substellar analogs. Finally, we have de-
tected spectroscopic variability (in the Ha equivalent width) for
some of them. The variability timespan is compatible with the
expected rotational period of this type of objects.
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